Cry11Aa of Bacillus thuringiensis subsp. israelensis is the most active toxin to Aedes aegypti in this strain. We previously reported that, in addition to a 65 kDa GPI (glycosylphosphatidylinositol)-anchored ALP (alkaline phosphatase), the toxin also binds a 250 kDa membrane protein. Since this protein is the same size as cadherin, which in lepidopteran insects is an important Cry toxin receptor, we developed an anti-AaeCad antibody. This antibody detects a 250 kDa protein in immunoblots of larval BBMVs (brush border membrane vesicles). The antibody inhibits Cry11Aa toxin binding to BBMVs and immunolocalizes the cadherin protein to apical membranes of distal and proximal caecae and posterior midgut epithelial cells. This localization is consistent with areas to which Cry11Aa toxin binds and causes pathogenicity. Therefore, the full-length Aedes cadherin cDNA was isolated from Aedes larvae and partial overlapping fragments that covered the entire protein were expressed in Escherichia coli. Using toxin overlay assays, we showed that one cadherin fragment, which contains CR7-11 (cadherin repeats 7-11), bound Cry11Aa and this binding was primarily through toxin domain II loops α8 and 2. Cadherin repeats CR8-11 but not CR7 bound Cry11Aa under non-denaturing conditions. Cry11Aa bound the cadherin fragment with high affinity with an apparent K d of 16.7 nM. Finally we showed that this Cry11Aa-binding site could also be competed by Cry11Ba and Cry4Aa but not Cry4Ba. These results indicate that Aedes cadherin is possibly a receptor for Cry11A and, together with its ability to bind an ALP, suggest a similar mechanism of toxin action as previously proposed for lepidopteran insects.
INTRODUCTION
Aedes aegypti is an important mosquito vector of dengue and yellow fever, diseases that are of increasing concern worldwide [1] . Chemical insecticides are primarily used for the control of these and other mosquito vectors. However, an increased incidence of insecticide resistance has been observed in many of these disease vectors. Consequently, formulations using Bacillus thuringiensis subsp. israelensis, a larvicide, are frequently used worldwide for the control of this insect vector [2] .
B. thuringiensis produces insecticidal δ-endotoxin proteins (named Cry and Cyt toxins) during the sporulation phase. The subsp. israelensis produces four major insecticidal proteins (Cry4Aa, Cry4Ba, Cry10Aa and Cry11Aa) and three cytolytic proteins (Cyt1Aa, Cyt2Ba and Cyt1Ca) [3] . Among them, Cry11Aa is the most active toxin against Ae. aegypti. Upon ingestion by susceptible insect larvae, Cry11Aa crystals are first solubilized in the alkaline environment of larval midgut, and then the soluble protoxins are processed into 34 and 32 kDa fragments by gut proteases [4] . These two fragments form a heterodimer that retains insecticidal activity [5] . The activated fragments then bind specific receptors in microvilli of midgut epithelial cells, leading to membrane insertion and pore formation [2, 6] . These latter processes are thought to lyse midgut cells, ultimately killing larval mosquitoes [2] .
Several different receptors from lepidopteran and dipteran insects and nematodes have been reported to bind activated toxins.
In case of lepidopteran-specific Cry1A toxins, four different protein receptors have been revealed: cadherin [7] [8] [9] , a GPI (glycosylphosphatidylinositol)-anchored APN (aminopeptidase N) [10, 11] , a GPI-anchored ALP (alkaline phosphatase) [12] and a 270 kDa glycoconjugate [13] . Among these proteins, binding to a cadherin receptor is required for further toxin cleavage and activation that is critical for intoxication [2, 6, 14] . The same classes of protein receptors from dipteran insects have also been revealed. For example, an ALP from Ae. aegypti binds Cry11Aa [15] , APNs from Anopheles quadrimaculatus and Anopheles gambiae bind Cry11Ba [16, 17] and a cadherin-like protein from An. gambiae was identified as a receptor for Cry4Ba [18] . For the Cry11Aa toxin, a 250 kDa protein was shown to also bind this toxin in addition to the GPI-anchored ALP protein [15, 19] . Consequently, it is likely that the 250 kDa protein may be a cadherin-like protein. In the present study we show that a cadherin protein indeed binds the Cry11Aa toxin.
The Cry1A toxin-binding domains in lepidopteran cadherin receptors have been mapped. For example, in the Manduca sexta cadherin protein, BtR1, three binding sites are known. The first, localized in CR7 (cadherin repeat 7), binds to domain II loop 2 of Cry1Ab toxin [20, 21] . A second binding epitope in CR11 interacts with domain II loop α8 and loop 2 of Cry1Ab toxin [22] . A third Cry1Ab binding site is in CR12 [23] , which has been shown in Heliothis virescens to bind domain II loop 3 of Cry1Ab and 1Ac toxins [24] . In the latter case, the toxin-binding region was narrowed further to residues 1422-1440 of CR12. In Bombyx mori, the CRs of BtR175 immediately adjacent to the membrane are involved in binding loops 2 and 3 of Cry1Aa [25] . In contrast, we know little about toxin-binding domains in dipteran cadherins.
To alleviate this knowledge gap, we identified a putative Cry11Aa toxin cadherin receptor cDNA from larval Ae. aegypti midgut. The toxin-binding domains in this cadherin were identified as well as toxin loop regions that are involved in interacting with the cadherin. This report shows that the cadherin receptor binds Cry11Aa toxin with high affinity. Finally, the spatial expression of Aedes cadherin was analysed in larval guts, and the expression correlates with areas which were previously shown be the sites of toxin binding and pathogenicity.
MATERIALS AND METHODS

Purification, activation and biotinylation of Cry11Aa toxin
Inclusions for Cry11Aa, Cry11Ba, Cry4Aa, Cry4Ba and loop α8 Cry11Aa mutant toxins were isolated from recombinant strains producing these toxins individually [26, 27] . B. thuringiensis strains were grown in nutrient broth sporulation medium containing 12.5 μg/ml erythromycin at 30
• C. Following cell autolysis, the spores and inclusions were harvested, washed three times with 1 M NaCl plus 10 mM EDTA, pH 8.0 and centrifuged. The resulting pellet was resuspended in 30 ml of the same buffer and purified by NaBr gradients as previously described [28] .
The purified inclusions were solubilized in 50 mM Na 2 CO 3 , pH 10.5, except Cry11Aa mutant toxins were solubilized in 0.1 M NaOH, since they had lower solubility in the bicarbonate buffer, and then dialysed with 50 mM Na 2 CO 3 , pH 10.5. The solubilized toxins were activated by trypsin (1:20, w/w). The activated Cry11Aa toxin was purified by ion-exchange chromatography (Mono Q, FPLC), biotinylated (Amersham Biosciences kit) and then purified using a Sephadex G25 column.
Assembly, cloning and sequence analyses of the full-length Ae. aegypti cadherin cDNA Sequence primers based on the Ae. aegypti genome (http:// aaegypti.vectorbase.org) were designed to amplify five overlapping cDNA fragments (0.9 kb G31, 1.8 kb G7, 1.5 kb C13, 2.3 kb G10 and 1.0 kb C3, see Figure 3 ). These fragments covering the full-length cadherin cDNA were isolated from an Aedes midgut cDNA library or Aedes cDNA. Among them, the C3 fragment was obtained by 3 -RACE (3 -rapid amplification of cDNA ends). No 5 -RACE was performed, since the G31 fragment had stop codons before the predicted start codon. All fragments were cloned into the TA cloning vector, pCR2.1TOPO (Invitrogen) and fully sequenced at the Institute for Integrative Genome Biology (IIGB) at University of California, Riverside (UCR).
The recombinant plasmid pCR2.1AaeCad was obtained by assembling the five overlapping fragments mentioned above. This resulting plasmid harboured the full-length cDNA encoding the Ae. aegypti cadherin ORF (open reading frame).
Sequence alignments and other sequence analyses were performed using NCBI blast programs and Lasergene (Dnastar). Signal peptide and the transmembrane domain were identified by SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) and HMMTOP (http://www.enzim.hu/hmmtop/) respectively. The IRSEC Motifscan program was used to identify protein motifs in Aedes cadherin (http://myhits.isb-sib.ch/cgi-bin/motif_scan).
Expression of partial cadherin fragments and antibody preparation
To express partial cadherin proteins, the G7, C13 and G10 fragments (Table 1) were cloned into a suitable pQE30 series vector (Qiagen) to generate the plasmids pQE32G7, pQE32C13 and pQE30G10 respectively. Similarly, clones for each cadherin repeat, CR7 to CR11, were obtained by PCR using specific primers. The final constructs were transformed into the Escherichia coli M15(pREP4) strain. Protein expression was induced by addition of 1 mM IPTG (isopropyl β-Dthiogalactoside) and proteins were produced as inclusion bodies. The N-terminally His-tagged recombinant proteins were purified using Ni-NTA (Ni 2+ -nitrilotriacetate) resin (Qiagen) using urea and resolved by SDS/PAGE. The CR proteins were dialysed against PBS buffer and were kept at −80
• C until needed. The purified 6 × His-tagged G10 protein was separated by SDS/PAGE and the gels were stained and destained. Then, purified protein bands were excised from the gel, the bands were washed three times and used to immunize rabbits for antibody development according to standard protocols.
Alternatively, inclusion bodies were purified from bacterial cultures expressing cadherin fragments or repeats using a B-PER Bacterial Protein extraction reagent following the manufacturer's instructions (Pierce). The inclusion bodies were dissolved in 0.1 M NaOH buffer for 1 h and then dialysed against 50 mM Na 2 CO 3 (pH 10.5), and protein concentration was measured using the BCA (bicinchoninic acid) assay (Pierce). Total proteins extracted were analysed by SDS/PAGE and the percentage of protein consisting of cadherin fragments or repeats was measured by ImageJ software. Ae. aegypti larval guts (4 th instar) were dissected in PBS, transferred into 4 % PFA (paraformaldehyde) and then fixed at room temperature (25 • C) for 20 min (whole 4 th instar larvae were fixed in 4 % PFA overnight at 4
• C). The tissues were then washed in PBST (PBS plus 0.1 % Triton X-100) three times for 30 min, dehydrated in a 20, 40, 70 and 96 % ethanol series in PBS for 30 min each and finally incubated in 100 % ethanol for 1 h. The tissues were placed in ethanol/xylene mixtures (70/30, then 30/70) for 3 h per mixture and then in 100 % xylene at room temperature overnight. Paraffin chips were added at 20 -50 % of total 100 % xylene volume for 4-6 h at room temperature. The samples were then placed in 100 % paraffin for 24 h at 55
• C. The tissues were embedded first in paraffin blocks, then 8-10 μm thick sections were cut, placed on poly-L-lysine (Sigma) slides coated with 1 % gelatin (Becton Dickson), and then the sections were dried for 1-2 days at 40
• C. For immunolocalization, the sections were washed with 100 % xylene for 15 min twice, rehydrated in 100, 70, 40 and 20 % ethanol for 5 min each and rinsed in deionized water and PBST. To detect sites of Cry11A binding, the sections were incubated with 100 nM Cry11A toxin and washed three times with PBST. Then the sections were incubated with Cry11A (1:1000) antibodies diluted in PBST/1 % BSA at 4
• C overnight and washed with PBST/0.1 % BSA/2 % goat serum for 20 min twice. Alternatively, to detect cadherin expression in tissues, the sections were incubated with anti-AaeCad (1:100) and then washed as described above. Finally, all sections were incubated for 1 h in the dark with secondary antibodies (Jackson Immunoresearch Labs). For cadherin and Cry11Aa detection, Cy3 (indocarbocyanine)-conjugated goat-anti-rabbit antibody diluted 1:1000 was used, and actin F was detected using Phalloidin-Alexa Fluor ® 488 diluted 1:100. After washing twice in the same buffer, the sections were mounted in Shur/Mount medium (Electron Microscopy Science). The images were obtained using a laser-scanning confocal Zeiss Axioplan microscope (LSM Zeiss 510, at the Institute of Integrative Genome Biology, University of California Riverside, CA, U.S.A.) at × 40 and × 100 magnification. All images were imported into Adobe Photoshop for assembly and annotation.
Competition of Cry11Aa binding in isolated BBMVs (brush border membrane vesicles)
BBMVs were prepared from 4 th instar Ae. aegypti larvae midguts as described previously [29] . The binding of Cry11Aa toxin to BBMVs was performed as described in [27] . Briefly, binding of 10 nM labelled toxin to 10 μg BBMV protein was performed in 100 μl binding buffer (PBS, 0.1 % BSA and 0.1 % Tween 20, pH 7.6). After 1 h at 25
• C, the membrane pellet was separated by centrifugation for 10 min at 14 000 g to remove unbound toxins and the pellet was then washed three times with binding buffer. Finally, the pellet was resuspended in 20 μl PBS, 4 μl 6 × Laemmli sample loading buffer (60 % glycerol, 300 mM Tris/HCl, pH 6.8, 12 mM EDTA, 12 % SDS, 864 mM 2-mercaptoethanol and 0.05 % Bromophenol Blue). It was boiled for 5 min and then separated by SDS/PAGE and electrotransferred to nitrocellulose membranes (Immobilon, Amersham Biosciences). The membranes were incubated with streptavidinperoxidase conjugate (1:1500 dilutions, Amersham Biosciences) for 1 h and then visualized using luminol (ECL TM ; enhanced chemiluminescence; Amersham Biosciences). For competition assays, the BBMVs were pre-incubated with different dilutions of the polyclonal anti-AaeCad or anti-Aedes NHE3 antibodies for 1 h at room temperature before incubation with biotinylated Cry11Aa. For competition with cadherin fragments, BBMVs were incubated in the presence or absence of CR9, CR10 or antiAaeCad antiserum for 1 h at room temperature.
Western blotting of Ae. aegypti BBMV An equal volume of 2 × sample loading buffer was added to 10 μg of Ae. aegypti BBMV protein and boiled and then loaded on to SDS/PAGE (9 % gels) and electrotransferred to nitrocellulose membranes. After blocking, the membranes were incubated for 2 h with anti-AaeCad antibody (1:7500 dilution) followed by incubation with goat anti-rabbit HRP (horseradish peroxidase, 1:5000 dilution) secondary antibody (Sigma). Blots were developed by ECL TM (Amersham Biosciences).
Toxin overlay assay
Purified partial cadherin fragments (90 pmol) or cadherin repeats (30 pmol) were separated by SDS/PAGE (8 % or 15 % gels respectively), and then transferred on to PVDF membranes (Immobilon, Amersham Biosciences). The membranes were incubated with 3 % BSA and then with 20 nM Cry11Aa toxins for 2 h. Unbound toxins were removed by washing the membrane four times with washing buffer (0.1 % Tween 20 in PBS) for 15 min. The membranes were then incubated with rabbit antiCry11Aa antibody (1:2000 dilution) followed by a secondary goat anti-rabbit antibody conjugated to HRP (Amersham Biosciences) (1:5000 dilution). Finally, the membranes were exposed to luminol (ECL TM , Amersham Biosciences). To determine the ability of synthetic peptides to compete with Cry11Aa toxin binding, different concentrations of the four loop peptides were mixed separately with biotinylated Cry11Aa toxins in washing buffer for 1 h at room temperature before incubating these mixtures with PVDF membranes containing the cadherin fragments or repeats.
Competitive ELISA Dose-dependent binding curves were obtained using a modified ELISA [30] . In brief, 96-well plates were coated with 0.4 μg of Cry11Aa per well and then treated with blocking buffer (PBS, 0.1 % Tween 20 and 0.5 % gelatin) for 1 h at 37
• C, washed and then 0.1-1000 nM G7, C13, G10 and cadherin repeats (CR7-11) protein solutions were transferred to the coated plates. After washing to remove unbound proteins, either anti-AaeCad antibody (1:2000) or anti-His 6 antibody (1:5000) was added and incubated overnight at 4
• C. Subsequently after additional washes, goat anti-rabbit antibody coupled to ALP (1:2000) or goat-antimouse antibody coupled to ALP (1:2000) was added to the wells and incubated for a further 2 h at 37
• C. After further washing, ALP activity was revealed with freshly prepared substrate (3 mM nitrophenyl phosphate) and the absorbance read at 405 nm with a microplate reader (Molecular Devices). The G10 concentration that showed a linear range of binding was used for competitive ELISA below.
The kinetics of association of Cry11Aa toxin to G10 was measured by competitive ELISA [6] . G10 (8 nM) was equilibrated with increasing concentrations of Cry11Aa toxin (0.2 nM to 1000 nM) in 100 μl PBST for 1 h at room temperature. The mixtures were then transferred to plate wells previously coated with Cry11Aa toxin. The detection procedure was then continued as described above. Data were analysed by using Origin 6.1 (Origin Lab). The concentration corresponding to half maximal absorbance was considered the dissociation constant. 
RESULTS
Expression of cadherin in larval Ae. aegypti guts
Previous work with lepidopteran insects showed that Cry1 toxins from B. thuringiensis bind with high affinity to cadherin proteins that are localized to epithelia of midgut cells [8, 9, 31, 32] . Furthermore, these Cry toxins often bind the C-terminal end of cadherin protein [20, 21, 23, 24] .
Therefore, we screened all cadherin genes in the Aedes genome (http://www.vectorbase.org/index.php) and identified a protein with the highest homology to lepidopteran cadherins. Using sequences obtained from the Ae. aegypti genome, we amplified a portion of the C-terminus of Ae. aegypti cadherin that is most orthologous to lepidopteran cadherins. This partial cadherin fragment, named G10, was expressed as a His-tag protein, and the purified protein was used for the production of a rabbit antiAaeCad antibody. To show that cadherin plays a role in binding of the Cry11Aa toxin to Ae. aegypti midgut epithelia, we performed a competition assay using BBMVs from this insect. Using biotinylated Cry11Aa, we showed the anti-AaeCad antibody competed readily with toxin binding ( Figure 1A, lanes 2-4) . In contrast, another antibody to the sodium-protein exchanger NHE3 that is also expressed in the midgut epithelia of this mosquito species did not compete in this assay ( Figure 1A, lanes 5-6) .
The anti-AaeCad antibody detected a major band with a molecular size of 250 kDa and two less intense bands of 60 and 35 kDa in Ae. aegypti BBMVs ( Figure 1B) . In a degraded membrane preparation, there is a loss of the 250 kDa band, but the 60 and 35 kDa bands show an increase in intensity (results not shown). The 250 kDa protein thus represents the full-length cadherin, whereas the lower-molecular-mass bands detected may be degradation products or, alternatively, other cross-reacting proteins. In M. sexta, it has been shown that the homologous cadherin undergoes proteolytic degradation during larval development [33] . The larger molecular size of cadherin compared with the size predicted from the amino acid sequence may be due to post-translational modifications.
B. thuringiensis subsp. israelensis toxins disrupt the larval midgut [34] as does the Cry11Aa toxin [35] . Furthermore, the Cry4A, 4B and 11A toxins also bind to the apical brush border of caeca and posterior midgut cells [36] . Since cadherin is one of the putative receptors for these Cry toxins, we then determined if the distribution of cadherin in the larval gut of Ae. aegypti is similar to sites to which these Cry toxins have been shown to bind. As shown in Figure 2 , the affinity-purified antibody shows intense immunofluorescence on the apical side of the distal and proximal caeca ( Figures 2F and 2G respectively) , and on the apical membrane of posterior midgut epithelial cells (Figures 2A,  2C and 2D) . These are the same tissues that bind Cry toxins from B. thuringiensis subsp. israelensis and show subsequent pathological responses. No immunofluorescence was observed in cells of the anterior midgut ( Figures 2B and 2E) or the hindgut (Figure 2A) . No immunofluorescence was observed in control sections incubated with preimmune serum at the same dilution as the anti-AaeCad antibody ( Figure 2H ). In addition, the Cry11A toxin protein has an identical pattern of localization in Ae. aegypti larval tissues ( Figures 2J, 2K and 2L ). Cry11A toxin binds to the apical membrane of gastric caecae ( Figure 2J ) and the posterior midgut ( Figures 2K and 2L) , and no toxin binding was detected in the anterior midgut ( Figure 2I ).
Isolation of full-length cadherin and its analysis
Since these initial results indicated an important role of the cadherin protein in binding to Ae. aegypti midgut epithelia, we then attempted to isolate the full-length cadherin. However, attempts to isolate the full-length clone using primers designed to known 5 and 3 ends were unsuccessful. Therefore, using primers designed to internal cadherin and vector sequences, the 5 cDNA end (0.9 kb G31) was isolated from an Ae. aegypti larval midgut library made in pSPORT1. The 3 end was amplified using RACE to give the 1.0 kb C3 fragment. Using sequences from these two cDNA ends and the G10 fragments, the rest of the Aedes cadherin cDNA was obtained as two fragments ( Figure 3A) .
These five overlapping partial fragments ( Figure 3A ) were assembled by five steps of sequential subcloning to generate the full-length Aedes cadherin cDNA of 5.97kb. This full-length cadherin transcript was expressed in an insect cell line that gave a protein of approx. 250 kDa (S. B. Lee, J. Chen. and S. S. Gill, unpublished work), which confirmed that this cDNA contains the complete ORF for Aedes cadherin. The cDNA encodes a protein of 1758 amino acids ( Figure 3A) . The cadherin protein is incorrectly annotated in the Aedes genome as two partial peptides (AAEL007478-PA, AAEL007488-PA), which lack the N-terminal end of the protein. The ORF is encoded by a gene of greater than 150 kb that contains 22 exons (http://www.vectorbase.org).
A comparison with other insect cadherins that are known Cry toxin receptors showed that the Aedes cadherin has the highest amino acid identity (47.2 %) with An. gambiae cadherin [18] , and shares 27-30.9 % identity with lepidopteran cadherins [7, 23, [37] [38] [39] .
The full-length Aedes cadherin contains a signal peptide (aa 1-25), 11 cadherin repeats (CR1-11), a membrane-proximal region (aa 1500-1598), a transmembrane domain (aa 1599-1630) and a cytoplasmic domain (aa 1631-1758) (Figure 3) . Analysis of the sequence revealed 14 putative calcium-binding sites (one DXD in all cadherin repeats and the cytoplasmic domain respectively, one DXNDN and one LDRE exclusively in CR10; where X is any amino acid), nine glycosylation sites and one ATP/GTP-binding site ( 1228 AIDGGGKS 1253 ). An integrin recognition sequence RGD is located in CR8, but neither another integrin recognition sequence, LDV, nor cadherin cell adhesion recognition sequences, HAV, exists in Aedes cadherin ( Figure 3B ). 
green). Red immunofluorescence shows cadherin localization on the apical side of the posterior midgut (A, C and D) but not in the apical membranes of anterior midgut (B and E) and hindgut (A) epithelial cells. Cadherin was also observed on the apical side of distal (F) and proximal (G) gastric caecae. No specific signal was observed in posterior midgut cells when tissues were probed with preimmune serum as a negative control (H). Cry11A toxin bound the apical membrane of epithelial cells in gastric caeca (J) and posterior midgut (K and L). No immunofluorescence was found in the apical membrane of anterior midgut (I). Scale bars, 50 μm (A, B, I-L); 100 μm (C-H)
. AMG, anterior midgut; DGC, distal gastric caecae; GC, gastric caecae; HG, hindgut; PGC, proximal gastric caecae; PMG, posterior midgut.
Aedes cadherin toxin-binding regions
Because the Cry1A toxin-binding sites on M. sexta and H. virescens cadherin have been localized to specific regions of the protein [20 -24] , we also determined the Cry11Aa toxin-binding sites on the cadherin. Three partial fragments covering all the cadherin repeats were cloned, expressed and purified by Ni-NTA agarose and then analysed with Cry11Aa toxin overlay assays. As shown in Figure 4 (A), only G10, which contains CR7-11, bound Cry11Aa toxin strongly, whereas G7 and C13, containing CR1-5 and CR3-7 respectively, rarely bound Cry11Aa toxin. In ELISA we obtained the same results, with only the G10 peptide and not the G7 and C13 peptides binding Cry11Aa ( Supplementary Figure S1 at http://www.BiochemJ.org/bj/424/bj4240191add.htm).
To determine further the toxin-binding regions on G10, each of the cadherin repeats in G10 (CR7-11, Table 1 ) was amplified, cloned, expressed in E. coli separately ( Figure 4B ) and used for analysing toxin binding. Using non-denaturing conditions and ELISA, we showed that Cry11A binds CR8-11, but not CR7 ( Figure 4C ). Interestingly, in toxin overlay assays only CR9 and CR10 bound Cry11Aa toxin (Supplementary Figure S2 at http://www.BiochemJ.org/bj/424/bj4240191add.htm). Furthermore, CR10 can compete with Cry11Aa binding to BBMVs, when used as a competitor in a BBMV-binding competition assay ( Table 2) .
Identification of Cry11Aa loop regions that interact with Aedes cadherin
The loop regions of many Cry toxins are known sites through which these toxins bind their receptors. These domains have been determined through a combination of mutations of the loop regions [40, 41] or use of loop peptides in competition assays [22, 27, 42] . To determine which of the predicted Cry11 loop regions are involved in binding to Aedes cadherin, synthetic peptides corresponding to the four Cry11Aa loop regions, loop α-8, loop 1, loop 2 and loop 3 were synthesized (Table 1) . These four peptides together with Cry11Aa were then used as competitors to biotinylated Cry11Aa in toxin overlay assays. Both loop α-8 and α-2 could compete with Cry11Aa binding to G10, CR9 and CR10 (Table 3) . Loop 1 and loop 3 peptides showed little competition with toxin binding to these fragments (Table 3) . As a positive control, excess unlabelled Cry11Aa also competed with the binding of biotinylated Cry11Aa toxin to G10 (Table 3) .
Determination of binding affinity between Cry11Aa toxin and G10
To measure Cry11Aa affinity to the cadherin fragment G10, a competitive ELISA was performed. As shown in Figure 5 (A) (insert), the G10 protein binds Cry11Aa toxin in a dose-dependent manner. Moreover, a H. virescens cadherin fragment, PP9, that binds the Cry1A toxins, did not bind the Cry11Aa toxin. The G10 concentration that binds Cry11Aa in the linear range was used for the subsequent competitive ELISA. In this competitive ELISA, increasing Cry11Aa concentrations (0-1000 nM) displaced the G10 protein from binding immobilized Cry11Aa ( Figure 5A ). The apparent dissociation constant (K d ) for G10 binding to Cry11Aa toxin was 16.8 nM. These affinity levels are similar to the 20 -30 nM binding affinity of Cry11Aa toxin to BBMVs prepared from the midguts of larval Culex pipiens (S.M. Dai and S.S. Gill, unpublished work). Mutagenesis in loop α8 ( 257 GVSIPVNYNEWY 268 ) of Cry11A toxin was performed previously, and the mutants V262A and E266A were shown to be less toxic to Ae. aegypti larva and were also less efficient in competing with Cry11A toxin binding to BBMVs [27] . In the present study, V262A showed similar binding characteristics to the G10 cadherin fragment as wild-type Cry11A, but in contrast the E266A mutant showed no binding to this cadherin fragment ( Figure 5B) .
B. thuringiensis subsp. israelensis produces two other mosquitocidal toxins, Cry4A and Cry4B, in addition to Cry11Aa. The Cry4A toxin can compete with the Cry11Aa toxin binding site 
at more than 100-fold concentration of the toxin, whereas Cry4B shows no competition at the concentrations tested. In contrast, Cry11Ba, a toxin isolated from B. thuringiensis subsp. jegathesan, competes well with the Cry11Aa-toxin binding site on the G10 cadherin fragment (Figure 6 ).
DISCUSSION
We previously showed in the disease vector Ae. aegypti that not only did a 65 kDa ALP protein act as a receptor protein, but that an unidentified 250 kDa membrane protein also bound the Cry11Aa toxin [27] . Here we show the 250 kDa protein is a cadherin, which binds Cry11Aa. Therefore, just as in lepidopteran insects, a single toxin can bind both a cadherin and a GPI-anchored protein.
The Cry11Aa toxin binds Aedes cadherin with high affinity. The binding affinity of the G10 cadherin fragment is slightly lower than that reported for Cry1A toxin binding to M. sexta and H. virescens cadherin fragments [23, 24, 43] . In a toxin overlay assay that is traditionally used to map toxinbinding domains, the cadherin toxin-binding domain was mapped to CR9 and CR10 of Aedes cadherin (Supplementary Figure S1A) . However, in ELISA experiments, Cry11A binds CR8-11, but not CR7 ( Figure 4C ). Since the latter experiments were done using non-denaturing conditions, the results suggest that CR11, which is the most proximal cadherin repeat to the cell membrane, and CR8-10, could both be involved in Cry11Aa toxicity. Indeed, CR10 inhibits Cry11Aa toxin binding to larval gut BBMVs. In An. gambiae, the Cry4Ba toxin also showed limited binding to the CR11-MPED peptide [18] . In contrast, the last cadherin repeat (CR12) is detected to specifically bind Cry1 toxins in lepidopteran insects [23, 24] . It is important to note that the CR12 peptide of M. sexta was detected to bind Cry1A toxin under native conditions but not in denatured conditions [23, 44] . It is likely that the CR11s of mosquito cadherins are critical for toxicity. In An. gambiae, the CR11-MPED peptide synergizes the toxicity of Cry4Ba to larvae, suggesting that this peptide fragment contains a Cry4Ba toxin-binding site [18] .
Three Cry1A toxin-binding regions have been mapped in the cadherin of lepidopteran insects. These include CR7, CR11 and CR12 [20] [21] [22] [23] [24] 44] which interact with loops 2, α8 and 3 of Cry1A toxins respectively. In the present study, we show that CR9 and CR10 bind the Cry11Aa toxin through domain II loops α8 and 2. A Cry11Aa mutant in loop α8, E266A, lost all ability to bind the G10 fragment that contains CR9 and CR10. These results are consistent with assays that show loop α8 peptides can compete with Cry11Aa binding to BBMVs [27] . Another mutant in this loop, V262A, retains a similar binding affinity with the G10 cadherin fragment as the wild-type Cry11Aa toxin. The lower toxicity of this mutant [27] could be caused by its lower solubility in larval midgut because it has lower solubility in carbonate buffer (results not shown) or potentially by decreased binding to other receptors, such as ALP, since loop α8 also plays a role in binding to the latter [27] . In addition, Cry11Aa binds the Cyt1A protein, which functions as a surrogate receptor by means of domain II loops α8 and β4 [30] . These results suggest that the exposed loop α8 of Cry11Aa toxin is an important epitope, including its ability to bind cadherin.
Fernandez et al. [27] showed that in addition to loop α8, loop 3 also can compete with Cry11Aa toxin binding to BBMV. Since this loop region binds native CR12 of lepidopteran insects, it is conceivable that Cry11Aa loop 3 would bind to native Aedes cadherin CR11. In any case, multiple toxin-binding sites on the cadherin receptors are probably essential for triggering the toxin conformation change, which facilitates the cleavage of helix α1 that promotes subsequent toxin oligomerization [2, 14, 45] .
A number of proteins, including ALP, APNs and cadherins have been identified as potential receptors of mosquitocidal Cry proteins. This diversity in toxin-binding proteins is not unusual considering the diversity of Cry toxins in the mosquitocidal strain B. thuringiensis subsp. israelensis [3] and the different mosquito species that have been studied. In An. quadrimaculatus and An. gambiae, the highly active Cry11Ba binds an APN [16, 17] and the Cry4Ba toxin targets a cadherin-like protein from An. gambiae [18] . In Ae. aegypti, the Cry11Aa toxin binds an ALP from Ae. aegypti [15] , the cadherin reported in the present study and also two different aminopeptidases [46] . This diversity in the toxin-binding proteins is also observed in lepidopteran insects [2] . In this case, the Cry1A toxins are thought to first bind a cadherin protein with high affinity [9] followed by cleavage of helix α-1 by an unknown protease [14] . The proteolysed toxin undergoes oligomerization through coilcoiled helices [47] and the oligomer subsequently binds to a GPIanchor protein, such as an ALP or an APN, thereby facilitating insertion into lipid rafts in cell membranes [2, 28] . The model was validated recently where Cry1A toxins that lack helix α-1 were shown to kill lepidopteran larvae that are resistant because of mutated cadherins [19] .
Since a similar set of toxin-binding proteins have been identified in mosquitoes, the mechanism of action of mosquitocidal Cry toxins is probably very comparable with that observed with lepidopteran-active toxin. Consequently, as a model we propose that the Cry11Aa toxin initially targets the cadherin identified here through CR9, CR10 and/or CR11 and subsequently, after proteolysis and oligomerization, binds to the ALP previously identified [15, 27] . Both the cadherin and ALP proteins are expressed in the apical side of distal and proximal caeca and apical regions of posterior midgut of Ae. aegypti larvae. Of note, these are the same tissues which bind Cry toxins from B. thuringiensis subsp. israelensis [36] and show subsequent toxin pathogenicity [34] . The targeting of both caecae and posterior midgut but not the anterior midgut is not surprising, since the cells in these two Figure 4 In toxin overlay assays and ELISA, the Cry11Aa toxin binds cadherin fragments and cadherin repeats (A) Partial cDNA fragments, G7, C13 and G10 (90 pmol each) were separated by SDS/PAGE (8 % gel) and stained using Coomassie Blue (lanes 1-3) . These fragments were electotransferred to a PVDF membrane, which was incubated with 20 nM Cry11Aa toxin. Unbound toxin was removed by washing, the membrane was incubated with anti-Cry11Aa antiserum 4 μg) , but a cadherin fragment from the Heliothis virescens cadherin [24] (insert, ) does not bind Cry11Aa. Bound G10 was determined with an anti-AaeCad antiserum followed by incubation with secondary antibody and colour detection. The binding affinity, 16.7 nM, of Cry11Aa toxin to the cadherin fragment was determined in a competition assay using 80 nM G10 with increasing concentrations of Cry11Aa toxin (0-1000 nM). OD 405 , A 405 . (B) The Cry11Aa loop α8 mutant V262A (᭺) retains its ability to bind the G10 fragment and competes with Cry11Aa binding, whereas the mutant E266A ( ) does not bind the Aedes cadherin fragment. Wild-type Cry11Aa binding is shown as in (A, main graph) and (B). Maximal binding was normalized to the maximal absorbance obtained in the absence of G10. Error bars indicate standard deviation obtained using three separate experiments.
regions have very similar repertoires of proteins and the pH in this region of the gut is closer to neutral. In contrast, the anterior midgut has an alkaline environment and is structurally and functionally distinct [48] .
There are, however, some important differences in Cry toxin action in mosquitoes. For example, the Cry11Ba, a toxin related to Cry11Aa, binds an APN with high affinity in two anopheline mosquitoes [16, 17] . These observations suggest that Cry11Ba could bind this APN directly without prior binding to cadherin and oligomerization. If these initial observations are further validated in mosquitoes, this evidence would suggest there is additional complexity to the mechanism of action of lepidopteran toxins that has hitherto not been appreciated.
Mosquitoes exposed to only the Cry11Aa toxin can develop resistance after selection for 16-20 generations with higher levels of resistance observed after further selection. Resistance development was slower when this toxin was used in combination with the Cry4A and Cry4B toxins [49] . The mosquitoes also developed resistance when only the Cry4A and Cry4B toxins were used [49] . The rapid development of resistance suggests it is likely that changes in the cadherin gene can lead to the Cry11Aa resistance observed in Culex. This resistance would be similar to the high levels of Cry1A resistance observed in lepidopteran larvae that is associated with mutations or deletions in cadherin [7, 37, 50] .
Both the Cry11Aa and Cry11B toxins show high levels of toxicity to both Aedes and Culex species [51, 52] . The ability of the Cry11B toxin to compete with Cry11Aa in binding assays suggests that both toxins use the same binding site on the G10 cadherin fragment and also are probably in the midgut of mosquitoes. Indeed, in Cry11Aa-resistant Culex mosquitoes, the Cry11B protein shows low level cross-resistance [53, 54] . The Cry11Aa and Cry11B toxins also show cross-resistance to Culex mosquitoes resistant to Cry4A and Cry4B [54] . It is not surprising, therefore, that Cry4A shows some competition with the Cry11Aa toxin-binding site. However, the low level of competition observed suggests that in Aedes the Cry4A toxin probably binds to another binding site on cadherin or to another protein altogether.
Several protein receptors and their interaction with specific toxins have been reported in lepidopteran insects and more recently in mosquitoes. These investigations provide a deeper understanding of toxin-action mechanisms and for the improvement of B. thuringiensis toxin use in insect pest control programmes. For example, the M. sexta Bt-R1 region most proximal to the cell membrane (CR12-MPED) can synergize Cry1A toxicity against lepidopteran pest insects [43] and modified Cry1A toxins lacking helix α1 can kill cadherin-silenced M. sexta and toxin-resistant Pectinophora gossypiella that have cadherin deletion mutations, which may be useful against pests resistant to standard toxins [19] . It is expected that the CR toxin-binding domains in Aedes cadherin could also function as a synergist against dipteran insects, as recently reported for An. gambiae cadherin [18] . Additionally, knowledge on the interaction between Aedes caderin and Cry11Aa toxin together with the molecular mechanism of the Cyt1A synergism with Cry11Aa toxin [30] could lead to dipteran-specific toxin modification and improvement.
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